Parameters affecting deoxyribonucleic acid duplex (DNA-DNA) formation on membrane filters were evaluated. The reference strains used were Cytophaga succinicans strain 8, which has a guanine plus cytosine (GC) content of 38%, and Myxococcus xanthus strain FB, which has a GC content of 70%. Both organisms are gliding bacteria classified among the myxobacteria. Among the parameters evaluated, the incubation temperature used during duplex formation was found to be the most important in terms of the physical nature of the reaction product. When an incubation temperature 25 C below the melting point (Tm) of the native DNA was used, homologous duplexes exhibited a thermal stability similar to that of native DNA. At 35 C below the Tm, a considerable proportion of the duplexes were of much lower stability; at 40 C below the Tm, most of the duplexes were of much lower stability. Similar duplexes of low stability were also formed between DNA molecules from morphologically and nutritionally diverse organisms, provided the GC percentages of the DNA preparations were similar. Competition between unlabeled and labeled DNA fragments for binding sites on immobilized DNA was also greatly influenced by the incubation temperature. Heterologous DNA-DNA complexes exhibited thermal stabilities which correlated with measurements of DNA homology in experiments involving competition. In addition, the difference in thermal stabilities of heterologous and homologous DNA complexes (AT'm) may provide a measure of divergence in nucleotide sequences.
and nutritional characteristics. At present, there are two common ways of evaluating the data obtained from these characteristics. The features may be weighted, thus allowing the taxonomist to rank subjectively the relative importance of a feature, or the data may be handled by numerical taxonomy (14, 15) . In the latter method, all of the features are given equal weight and the similarities between strains are calculated, usually with the aid of a computer. Taxonomists favoring numerical taxonomy feel that personal prejudices may influence weighting of features. Stanier et al. (16) have considered the problem and have pointed out that the relative importance o nutritional features can be evaluated on the basis of knowledge of the metabolic pathways.
Since numerical taxonomy is dependent upon the evaluation of a large number of features, it may be of limited usefulness with certain groups of organisms. For example, the microorganisms known as myxobacteria demonstrate few characteristics that can be compiled for evaluation by numerical taxonomy. Nucleic acids have been used for determination of genetic relationships at the level of similarities of nucleotide sequences, thus introducing methodology which permits taxonomic studies at the molecular level. Quantitative measurements of genetic relatedness of a number of enterobacteria were obtained by McCarthy and Bolton (10) by binding of deoxyribonucleic acid (DNA) fragments as well as messenger ribonucleic acid (RNA) to homologous and heterologous denatured DNA immobilized in agar-gel columns. The agar-gel method has been applied by a number of investigators for the elucidation of genetic relatedness among a variety of bacteria, particularly by DeLey and his associates (2, 3, 8, 13) .
In a recent paper, Denhardt (4) provided a method for immobilizing DNA on membrane filters rather than in an agar-gel. The washed in 2 X SSC at the temperature used for incubation, dried, and counted in a Packard Tri-Carb liquid scintillation counter.
The thermal stabilities of the duplexes were determined as follows. The washed filters were placed in baskets made out of 24-mesh stainless-steel screen folded to form compartments 15 mm wide, 10 mm deep, and 3 mm thick. The baskets were suspended by wires into test tubes (18 X 150 mm) containing 5 ml of 0.5 X SSC, which were then placed in a water bath. The baskets were transferred through a series of tubes, and the water bath temperature was increased by increments of 5 C at 15-min intervals. The water bath reached each new temperature in approximately 5 min. Carrier DNA (100 ,ug) was added to each tube, and after cooling the DNA was precipitated with 5% trichloroacetic acid and collected on membrane filters (B-6, 27 mm, Schleicher and Schuell Co., Keene, N. H.). The filters were then dried and counted. The thermal stabilities of homologous duplexes were compared with the optical melting profiles of native DNA in 0.5 X SSC (Tm'). RESULTS Parameters affecting DNA-DNA duplex formation on membrane filters. When labeled DNA fragments are incubated with immobilized DNA, reactions occur between immobilized DNA and DNA fragments and between fragments (9) . In an effort to increase the extent of the reaction, environmental conditions were sought which would enhance the first reaction and minimize the second.
An experiment was carried out with DNA from C. succinicans strain 8 to determine optimal concentrations for binding of homologous labeled DNA fragments to DNA immobilized on membrane filters. A set of 10.5-mm filters were prepared with concentrations of 5 to 60 ,ug of DNA immobilized on each filter. These were tested with 0.03-, 0.2-, or 1.0-,ug amounts of DNA fragments labeled with 32p. Maximal binding occurred over a range of 15 to 50 ,ug of immobilized DNA. Little difference was noted among the three concentrations of DNA fragments employed.
The extent of reaction was greatly affected by the liquid volume (Fig. 1) , as was found to be the case with the agar-gel system (9) . Although increased binding occurred at lower volumes, a volume of 0.25 ml was selected for subsequent experiments since it permitted approximately 50% binding when DNA from C. succinicans strain 8 was used and was large enough for accurate measurement of components.
The time required for completion of duplex formation was determined with 0.1-,ug amounts of DNA fragments from C. succinicans strain 8 and 25-,ug amounts of homologous DNA immobilized on membrane filters. In essential agreement with the results obtained with the agar-gel system (9), the reaction was complete within 10 hr.
To reduce the possibility of the formation of a concentration gradient of DNA fragments, the vials containing filters were placed in a water bath in a rack attached to a wrist-action shaker and gently agitated. It was found that shaking increased duplex formation with immobilized DNA by about 10%.
Nonspecific binding of labeled DNA fragments to filters containing no immobilized DNA was 1 to 2% when 0.1 to 0.01 Mug of fragments was employed. The nonspecific binding was reduced to less than 1% when 1 Mg of labeled fragments was used.
Effect of incubation temperature on thermal stability ofDNA duplexes. If true double-stranded DNA is formed when DNA fragments are incubated with immobilized homologous DNA, it would be expected that the thermal stability of the duplexes formed would be essentially that of native DNA. Figure 2 shows the thermal stabilities for DNA duplexes formed when labeled DNA fragments from C. succinicans strain 8 were incubated with immobilized homologous DNA at several temperatures. Approximate melting profiles are shown which were determined by thermal stabilities of bound DNA duplexes at temperature increments of 5 C (see Materials and Methods). In addition, the optical melting curve of native DNA is shown. Duplexes with a thermal stability approaching that of native DNA were formed at all incubation temperatures. Essentially all the reaction product was of this type at an incubation temperature of 60 C, 25 Fig. 3 . The incubation temperature was 60 C. As measured in DNA competition experiments at 60 C (Table 2) , strain 14 was approximately 48 % and strain 16 was 23% homologous to strain 8. It is evident that the thermal stabilities of the heterologous duplexes are less than that of the homologous system, with more distantly related DNA showing least stability. The effect of incubation temperature on a heterologous system in which labeled DNA fragments from C. succinicans strain 14 were incubated with immobilized DNA from strain 8 is illustrated in Fig. 4 . As the temperature was increased, a decreased amount of binding occurred; 34, 29, and 21% of labeled denatured DNA was bound as the temperature increased from 50 to 70 C. However, as indicated in Fig. 4 , the DNA complexes formed at the higher temperatures exhibited increased stability.
Thermal stabilities of homologous duplexes of DNA from M. xanthus (GC, 70%) incubated at temperatures ranging from 60 to 80 C are shown in Fig. 5 . When incubated at 60 C, the majority of the DNA duplexes formed had a stability far lower than that of native DNA. 16. of native DNA. Incubation at higher temperatures led to progressively larger proportions of DNA duplexes whose thermal stabilities more closely approached that of native DNA. Since the bulk of the DNA fragments bound at 60 C and a large proportion of those bound at 65 C exhibited much lower thermal stability than would be expected if true renaturation had occurred, it is probable that adventitious association of DNA had occurred, possibly involving relatively few base pairs. If this is true, similar binding might be expected with DNA of high GC content from an unrelated bacterium. To explore this possibility, DNA fragments of M. xanthus labeled with 32p and fragments from P. aeruginosa labeled with 14C were incubated together at 60 and 75 C with filters containing immobilized DNA from M. xanthus. At an incubation temperature of 60 C, the amount of heterologous DNA bound was approximately 70% of the amount of homologous DNA bound. As shown in Fig. 6 , essentially all of the heterologous and about 75% of the homologous DNA bound showed low thermal stability, suggesting that this binding was of a nonspecific nature. At 75 C, insufficient heterologous DNA fragments were bound to permit determination of thermal stability. The thermal stabilities of duplexes formed between M. xanthus fragments and immobilized DNA from M. fulvus and M. xanthus at 75 C were compared (Fig. 7) . The temperature selected was approximately 25 C below the melting point of DNA from M. xanthus. As measured in a DNA competition experiment ( Incubation temperatures of 60 and 75 C were employed with the M. xanthus system ( Table 3) 
DISCUSSION
Determination of DNA homology is coming into widespread use as a tool for measurement of genetic relatedness among microorganisms. In most investigations, a temperature of 60 C has been employed for the reassociation reaction. The importance of incubation temperature was recognized by Marmur and Doty (12) , who reported that a temperature of 25 C below the Tm was optimal for free solution renaturation of DNA. In the present investigation, it was found that, when incubation temperatures in the neighborhood of 25 C below the Tm were employed, DNA duplexes were formed on the membrane filters with a thermal stability approaching that of native DNA. When incubation temperatures substantially more than 25 C below the Tm were employed, DNA fragments were found to associate with immobilized DNA on filters to form duplexes of markedly lower stability, presumably as the result of association of short, therefore nonspecific, lengths of nucleotide sequences.
With the homologous C. succinicans strain 8 system with a Tm of 85 C, stable DNA complexes were formed at incubation temperatures of 60 and 70 C; at 50 C, an appreciable amount of unstable complexes was formed, and at 45 C, 40 degrees below the Tm mthe majority of the DNA complexes exhibited low thermal stability (Fig. 2) . Similar behavior was exhibited by the high GC M. xanthus system. At 75 C, approximately 25 degrees below the Tm of native DNA, complexes were formed with a stability approaching that of native DNA. When the incubation temperature was lowered to 65 C, more than half of the bound DNA, and at 60 C most of the bound DNA, was in the form of complexes of low stability. To determine whether the product of low stability was specific, heterologous complexes formed between DNA from P. aeruginosa and M. xanthus were compared with the homologous complexes. P. aeruginosa and M. xanthus both possess relatively high GC DNA, but they are morphologically and nutritionally highly diverse. It was found (Fig. 6 ) that at 60 C DNA fragments from P. aeruginosa were bound to immobilized DNA from M. xanthus, resulting in formation of duplexes of low thermal stability essentially equivalent to that of the bulk of the homologous product at 60 C. In a similar experiment performed at 75 C, insufficient DNA from P. aeruginosa was bound to allow determination of thermal stability.
The heterologous duplexes formed by the several strains of C. succinicans were less stable than the homologous duplexes of strain 8, but were far more stable than the nonspecific complexes formed at lower incubation temperatures ( Fig. 3 and 4) . A similar relationship was found when two species of Myxococcus were employed ( Fig. 6 and 7) .
The importance of incubation temperature in determining the nature of the reaction products has not always been recognized. DeLey and coworkers (2, 3, 13) used the method of direct binding of DNA fragments to DNA in agar gels to investigate relatedness of various strains belonging to the genera Pseudomonas and Xanthomonas to each other as well as to a number of other genera of bacteria. Most of the strains investigated had GC base compositions which ranged from 60 to 70%. Since an incubation temperature of 60 C was employed, it is probable that in some cases the major portion of the DNA duplexes formed were of a nonspecific character. Hence, the conclusions drawn by these investigators as to relatedness of various bacteria cannot be accepted.
Competition reactions between populations of nucleic acid molecules were also found to be affected by the incubation temperature (Tables 2  and 3 ). The degree of competition by a heterologous DNA is decreased with increasing incubation temperatures. This effect is particularly striking when DNA preparations of high GC content are employed. At 60 C, DNA fragments from distinctly diverse organisms such as P. aeruginosa and S. griseus compete nearly as well as homologous DNA fragments from M. xanthus. This could be predicted from the experiments involving direct binding ( Fig. 5 and 6 ), where it was found that both heterologous and a major portion of homologous DNA duplexes which were formed at 60 C were nonspecific in character. DNA from C. succinicans failed to compete in the M. xanthus system at an incubation temperature of 60 C. Apparently, DNA complexes, even those of low stability, are not formed if the GC contents are sufficiently diverse. DNA competition reactions in agar gels were employed by Heberlein et al. (8) for determination of relationships between a number of nomenspecies of Agrobacterium, Rhizobium, and Chromobacterium, as well as several other organisms. The DNA of most of the bacteria investigated ranged from 60 to 70% GC. Since an incubation temperature of 60 C was employed, considerably more than 25 C below the Tm of the several preparations of DNA, it is probable that the high levels of homology reported were due, at least in some cases, to nonspecific binding. It is highly probable that some of the reported homology is a reflection of similarity in GC content of the preparations of DNA rather than similarity in nucleotide sequence.
In competition experiments, incubated at a temperature 25 degrees below the Tm of native DNA, DNA from C. succinicans strain 14 competed 48% as effectively as DNA fragments from homologous strain 8 (Table 2) and DNA from M. fulvus competed 45% as effectively as homologous M. xanthus DNA (Table 3) . With the same incubation conditions, the average thermal stability of duplexes formed between C. succinicans strains 8 and 14 was 8 degrees lower than for the homologous strain 8 duplexes (Fig. 3) . The stability of the heterologous M. fulvus and M. xanthus duplexes was about 10 degrees lower than that of homologous M. xanthus duplexes (Fig. 7) . In addition to providing evidence that the reaction specificity for DNA of various GC contents is comparable under these incubation conditions, the lowered stabilities of the heterologous complexes with respect to the homologous complexes (A Tm' measurements) may be calibrated to give a quantitative measurement of divergence of nucleotide sequences. 
